ABSTRACT: There is great interest in the cognitive consequences of hippocampal volume loss in developmental amnesia (DA). In many DA cases, volume loss occurs before the hippocampus is fully developed, and yet little is known about the locus, extent, and distribution of damage in these cases. We used high-resolution MRI to manually segment the medial temporal lobe (MTL) subregions in H.C., an adult with DA, and a group of sex-, ageand education-matched control participants (n 5 10). The hippocampus was defined and divided into anterior (head) and posterior (body and tail) segments. Within the body of the hippocampus, the subregions (CA 1 , DG/ CA 2/3 , and subiculum) were defined. Finally, the entorhinal (ERC), perirhinal (PRC), and parahippocampal (PHC) cortices were segmented. Anterior hippocampus was reduced bilaterally and posterior hippocampus was significantly reduced on the right. In the body of the hippocampus, all three subregions were reduced in the left hemisphere, whereas CA 1 and subiculum were reduced in the right hemisphere. No group differences were observed in the PRC and ERC, whereas left PHC volume was marginally increased in H.C. compared to controls. These results can be used to inform patterns of spared and impaired cognitive abilities in DA and perhaps in amnesia more generally.
Our understanding of hippocampal function and dissociations in memory has been illuminated by studies of individuals with earlyonset hippocampal volume loss, commonly due to anoxia, known as having "developmental amnesia" (DA). Seminal research by Vargha-Khadem et al. (1997) , including careful study of the single case Jon, provided important insights about the relative role of the hippocampus in episodic memory and related recollection of recognized items and events versus semantic memory and related familiarity-based recognition (Baddeley et al., 2001) . Based on group analysis of whole-brain structural MRI using voxel-based morphometry (VBM), this pattern has been attributed to volume loss in the MTL-specifically to the hippocampus-although changes in the putamen, posterior thalamus, and retrosplenial cortex were also noted (Vargha-Khadem et al., 2003) . Hippocampal tracings were consistent with the VBM results: hippocampal volumes were estimated to be 30-54% reduced from normal. Nonetheless, surprisingly little is known about whether this loss is concentrated within selective subregions and/or the extent to which damage is distributed along the anterior-posterior axis.
A critical next step in the study of DA is the elucidation of the particular hippocampal subregions that are affected in vivo. Post-mortem studies of individuals with amnesia due to late-life ischemia have indicated relatively selective cell loss in the CA 1 region (Zola-Morgan et al., 1986) . Similarly, in vitro studies have documented differential effects of anoxia on hippocampal subregions CA 1 and CA 3 -that is, CA 1 cells appear to be more sensitive to hypoxia damage than CA 3 cells (Kawasaki et al., 1990) . More recently, a qualitative analysis of high-resolution MRI images of the MTL in a case of amnesia of mixed etiology (adult-onset anoxia and adolescent-onset epilepsy) suggested selective reduction of CA 1 in the right hippocampus but more extensive damage to the left hippocampus that appears to have encompassed all subregions. Visual inspection of the images also suggested reduction of the anterior portion of the parahippocampal gyrus bilaterally as well as the left fimbria and left mammillary body (Warren et al., 2012) . High-resolution structural imaging techniques, combined with quantitative volumetric comparisons of amnesic individuals and matched controls, allow for differentiation among hippocampal subregions and could provide a richer understanding of how the behavioral profiles observed in individuals with hippocampal damage relate to their underlying brain pathology.
To this end, manual segmentation of the hippocampus and adjacent regions of MTL cortex was performed using highresolution MRI of H.C., another well-documented case of DA. H.C. is a woman, aged 22 yrs at time of testing, whose memory impairment is likely a result of a perinatal brain injury. H.C. was born prematurely (gestational age 5 32 weeks), and suffered hypoxia around the time of her birth. Like Jon, H.C. has impaired memory for personal life events, and this impairment extends to memory for public event details (Rosenbaum et al., 2011) , but not to personal and general semantic memory. A parallel pattern of worse recollection than familiarity of recognized items was demonstrated on laboratory tests of episodic memory, though both processes appeared to have been affected in H.C., raising the possibility of additional volume loss in perirhinal cortex. Moreover, given previous reports of both episodic and spatial memory impairments in cases of DA, as well as impairments reflecting both "coarse" and "detailed" memories, volume reductions along the extent of the anterior-posterior axis of the hippocampus were expected in H.C. (Poppenk et al., 2013) .
Despite H.C.'s lack of recollection for both personal and public events, she is an otherwise healthy individual who completed high school, 1 year of technical college, and 1 year of a post-secondary culinary program (years of education 5 14; for full neuropsychological profile, see Hurley et al., 2011; Rosenbaum et al., 2011) . Ten typically developing participants (all female; mean age 5 19.40, SD 5 1.51; mean years of education 5 13.60, SD 5 0.97) with no history of psychiatric or neurological illness served as controls. All participants provided informed consent. This study was approved by the Baycrest and York University Research Ethics Boards.
Structural MRI images were acquired using a 3T Siemens Trio scanner. A whole-brain T1-weighted MPRAGE sequence (TE/TR 5 2.63 ms/2000 ms, 176 oblique axial slices, 256 3 192 matrix, voxel size 5 1 mm 3 , FOV 5 256 mm) was collected. This image was used to obtain a measure of total brain volume and for confirmation of anatomical boundaries best viewed in the sagittal and/or axial plane. For later segmentation, a second high-resolution T2-weighted structural image was acquired in an oblique coronal plane, perpendicular to the long axis of the hippocampus (TE/TR 5 68 ms/3000, 22-28 slices, 512 3 512 matrix, voxel size of 0.43 3 0.43 3 3 mm, no skip, FOV 5 220 mm).
Regions-of-interest (ROI) were defined manually in native space using FSLview (v. 3.0.2) by the first author. Segmentation procedures were based on established procedures (Olsen et al., 2009 ) and published hippocampal atlases and protocols (Insausti et al., 1998; Pruessner et al., 2002; Duvernoy, 2005; Mueller et al., 2007; Yushkevich et al., 2009 ). In the body of the hippocampus, where the vestigial hippocampal sulcus appears as a dark band, the CA 1 , subiculum, and DG/CA 2/3 subregions were segmented. Dentate gyrus (DG), CA 2, and CA 3 regions were grouped into a single ROI as these regions cannot be reliably segmented at this particular resolution and MRI field strength (see Carr et al., 2010) . Likewise, the CA fields were not clearly distinguishable in the most anterior (head) and posterior (tail) portions of the hippocampus; subregions were not defined within these ROIs, though they were included in collapsed anterior and posterior segments described below (Figs. 1 and 2). The magnitude of H.C.'s volume reduction combined with an unusual shape of H.C.'s hippocampus presented a somewhat unique challenge for subregion segmentation using the landmarks and geometric features typically present in controls. For example, the most typical shape of the hippocampal body is an ellipsoid, oblong in the medial-tolateral dimension, though there is some variation of this shape among controls. In H.C., a more extreme variant on this shape was observed, especially in slices near the midpoint along the Anterior and posterior hippocampal volumes in H.C. and controls. A: A sagittal view of both a representative control participant along with H.C.'s left hippocampus. The upper panel displays the hippocampal subregions, which were manually traced on the T2-weighted image (see Fig. 2 ) and then coregistered to the T1-weighted image for visualization purposes. These subregions were combined into a single ROI and then split into anterior and posterior segments. The lower panel depicts the anterior segment (hippocampal head) in pink and the posterior portion (body and tail) in aqua. B: Anterior and posterior hippocampal volumes for H.C. (white bars) and the ten control participants (grey bars). Error bars reflect 95% confidence, * refers to Pvalues <0.05, and~demarcates P-values <0.1 in all plots.
anterior-posterior axis of the left hippocampus ( Figure 2B ). While most of the standard landmarks were still applicable, to accommodate this geometric transformation of the hippocampus, the transition between the CA 1 and CA 2/3 regions was drawn at the most superior-lateral "corner" of the hippocampus, instead of just beyond the curve on the superior section. Furthermore, in H.C. and also in controls in which normal image variation changed the visibility of anatomical landmarks, care was taken to reference adjacent slices in which landmarks were more visible, and a smooth transition in the borders among regions was achieved. The MTL cortices, including perirhinal cortex (PRC), entorhinal cortex (ERC), and parahippocampal cortex (PHC), were also segmented (Fig. 2) . The subregions for the entire length of the hippocampus were then combined to form a complete hippocampus ROI for each hemisphere. Next, this ROI was divided into anterior and posterior segments, in which the anterior segment included the head of the hippocampus extending posteriorly until the disappearance of the uncal apex (Weiss et al., 2005) . The posterior segment included both the body and the tail of the hippocampus.
To account for potential differences in head size, a measure of brain volume was extracted to "correct" for head size variation using an adapted version of the ANIMAL algorithm (Collins et al., 1995) . Brain volume was accounted for in each ROI using a regression-based technique; where each ROI is regressed on brain volume (collapsed across groups), the residual value (i.e., the structures actual size minus its predicted value based on the individual's brain volume) is accounted for in each ROI for each individual (Free et al., 1995 ; NHSV 5 OHSV -Grad* (BV i --BV mean ), where NHSV is the corrected hippocampal subregion volume, OHSV is original hippocampal subregion volume, Grad is the gradient of the regression line between the hippocampal subregion volume and the brain volume measure, BV i is the brain volume measurement for that subject, and BV mean is the mean brain volume for all subjects.) All measurements reported below are adjusted using this method. No significant difference in brain volume was observed between H.C. and controls (P 5 0.20).
Ratings of intra-rater reliability were established by comparing segmentations performed on five randomly selected control participants' segmented volumes which were repeated by the first author with a 1-6 month interval between first and second segmentations. To establish inter-rater reliability, five randomly selected control participants' segmented volumes were compared with that of a second rater. Both intra-rater and interrater reliability was calculated using the DICE overlap metric, which produces an overlap measure between 0 and 1, where 0 signifies no overlap and 1 is a perfect match (Dice, 1945) . The intra-rater and inter-rater reliability results (Table 1) are typical of those reported in the literature for manual segmentations of hippocampal subregions and MTL cortex (Bonnici et al., 2012) . To assess volume differences between the groups, volumes for each ROI (based on a single set of tracings by the first author) were computed. Bayesian hypothesis testing (Crawford & Garthwaite, 2007 ) was used; one-tailed t-tests were applied within the hippocampus, and two-tailed t-tests were applied within the MTL cortex.
As expected, overall hippocampal volume in H.C. was reduced compared to that of controls (Fig. 1) . In right hippocampus, both anterior and posterior segments were significantly smaller in H.C. (anterior: P 5 0.018; posterior: P 5 0.010). In left hippocampus, the anterior portion of the hippocampus was significantly reduced and the posterior segment was marginally reduced in H.C. (anterior: P 5 0.002; posterior: P 5 0.085). While the bilateral reduction in anterior hippocampus volume was greater compared to the posterior segments, there was no significant dissociation between these two measures (P 5 0.202).
In the body of the hippocampus, significant group differences were found bilaterally in CA 1 (left: P 5 0.013; right: P 5 0.032) and subiculum (left: P 5 0.008; right: P 5 0.003), and on the left in DG/CA 2/3 (P 5 0.009). The right DG/CA 2/3 region was marginally smaller in H.C. (P 5 0.090). In the MTL cortex, no significant groups differences were observed within ERC (left: P 5 0.600; right: P 5 0.424) or PRC (left: P 5 0.834; right: P 5 0.320); however, left PHC volume was marginally increased in H.C. compared to controls (left: P 5 0.056; right P 5 0.108).
In addition to the detailed MTL volumetrics, the current scanning protocol also enabled qualitative analysis of the integrity of other memory structures that has not been described before in DA, namely the mammillary bodies and fornix. A detailed slice-by-slice visual inspection on coronal and axial views of the whole brain 3D T1-weighted image by a neuroradiologist indicated atrophy of the fornix bilaterally and agenesis of the mammillary bodies.
In summary, these results confirm that hippocampal volume in H.C. is reduced, bilaterally, and that the adjacent MTL cortices are of normal volume. H.C.'s total hippocampal volume measurements (left 5 2270.49 mm 3 , right 5 2364.08 mm 3 ) correspond with previous reported values (case E6 in Vargha-Khadem et al., 2003) . However, the control group hippocampal volume measurements in the current study are smaller than those reported previously, which alters the volume reduction percentage for H.C. While it was previously assumed that H.C.'s hippocampal volume reduction was approximately 45% compared to controls (case D6 in Adlam et al., 2005; Hurley et al., 2011) , the current investigation, which employed a control group matched specifically to H.C.'s demographics as opposed to one matched to a larger group of individuals with DA, indicated that her volume reduction may be closer to 29.5% on the left and 31.2% on the right. This is the first investigation to directly quantify the extent and distribution of hippocampal volume loss in an individual with DA. The current results indicate that perinatal anoxia in humans affects both anterior and posterior segments of the hippocampus. CA 1 and DG/CA 2/3 subregion volumes are reduced in both hemispheres, but to a greater extent on the left. Furthermore, the subiculum, the major output structure of the hippocampus, was significantly reduced in both hemispheres. The unusual shape of H.C.'s left hippocampus has been described as "incomplete hippocampal inversion" or "hippocampal malrotation." While there is some evidence that this developmental variant is more prevalent in individuals with epilepsy (Gamss et al., 2009) , others have argued that this variant can be observed in as high as 18% of the non-epileptic population and is therefore not an etiological factor in epilepsy (Bajic et al., 2009) . To the best our knowledge, H.C. has never suffered an epileptic seizure; instead, this case would suggest that incomplete hippocampal inversion is linked to a general disturbed brain development.
While investigation of the fornix and mammillary bodies was not the focus of this investigation, the neuroradiological assessment noted significant abnormalities in these structures, similar to those described in an adult-onset case of anoxia (Warren et al., 2012) . In the future, quantification through diffusion tract tracings will likely yield important insights into the extent that these structures are damaged in DA, and in turn, the effect of this damage on behavior.
Functional circuits within the MTL exhibit differential developmental profiles (Jabès et al., 2011) . The methods employed here do not allow for investigation of the individual cell-rich layers within hippocampal/MTL subregions (e.g., granule cell layer of the DG) and those that primarily contain connections (e.g., stratum lacunosum-moleculare). The volumetric reductions observed in H.C. may thus reflect a reduction in neuronal size or number, reduced connections among cells, or some combination of both. Case studies of individuals with amnesia, along with careful characterization of the individuals' brain damage, have contributed significantly to our current understanding of the organization of memory and hippocampal function (Squire & Zola, 1996; Vargha-Khadem et al., 1997 ). In the case of H.C., the relatively uniform volume reduction of hippocampal subregions and along the long axis of the hippocampus, together with MTL cortices of normal volume, might explain seemingly unique aspects of her cognitive profile. For example, though familiarity was found to be numerically better than recollection in H.C., as in other DA cases, her familiarity on RememberKnow recognition memory was significantly below that of healthy controls (Rosenbaum et al., 2011) . Thus, it is possible that perirhinal cortex, though volumetrically normal, is not intact. Alternatively, H.C.'s familiarity impairment may relate to another area of compromise, such as difficulties in online semantic processing. The latter is suggested by additional impairment in public event memory (Rosenbaum et al., 2011) and short-term memory for novel material (Rose et al., 2012) . By contrast, H.C.'s autobiographical episodic memory and future imagining have been found to range from intact to impaired (Kwan et al., 2010; Hurley et al., 2011) , but are well above what has been seen in adult-onset amnesic cases (e.g., Rosenbaum et al., 2008) , possibly due to remaining tissue in all subregions and/or reorganization of brain function. Thus, in conjunction with animal lesion studies (Kesner & GoodrichHunsaker, 2010) , and investigations using high-resolution fMRI (Carr et al., 2010) , future case studies of individuals with selective hippocampal damage will provide invaluable converging evidence, enabling a refinement of theories of hippocampal subregion function.
